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Reproducibility studies of lattice matched GahAsP 0~1 (100) InP grown 
by molecular beam epitaxy using solid phosphorus 
J. N. Baillargeon, A. Y Cho, F. A. Thiel, and R. J. Fischer 
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974 
P. J. Pearah and K. Y Cheng 
University of Illinois, ECE Department, 1306 FK Green Street, Urbana, Illinois 61801 
(Received 21 February 1994; accepted for publication 25 April 1994) 
Growth of lattice matched GaInAsP on (100) InP was achieved using all solid source molecular 
beam epitaxy (MBE). Two valved cracking cells, one for phosphorus and the other for arsenic, were 
employed to supply the column V fluxes. The ability to obtain lattice matched conditions to InP was 
found to be highly reproducible and readily achievable using two valved cracking cells. X-ray 
diffraction and photoluminescence measurements showed run-to-run variations in the 
arsenic/phosphorus mole fractions of less than 1%. Lattice matched Gaa,,Ino.70Asa,sPo.32 layers 
displayed 300 K luminescence full width at half maximums as low as 40.6 meV at A- 1.43 pm. The 
results suggest all solid source MBE offers a viable alternative to existing heterojunction growth 
technologies. 
Existing lightwave technology for long distance commu- 
nications requires 1.3 or 1.55 pm emitters to implement. The 
GaInAsP quaternary material system, lattice matched to InP, 
is regarded as an excellent choice for the construction of 
these light emitters. This material system is particularly de- 
sirable because many types of devices, such as a separate 
confinement quantum well laser, can be constructed without 
aluminum. High optical quality aluminum compounds are 
difficult to grow and devices constructed with it tend to suf- 
fer reliability problems as a result of aluminum oxidation. 
Early on, the growth of quaternary phosphide compounds by 
molecular beam epitaxy (MBE) using a solid phosphorus 
was attempted;r however; reproducible growth was not 
achievable using standard effusion cell technology. 
The ability to generate the GaInAsP alloy with MBE 
using solid phosphorus is rapidly increasing.2 Making pos- 
sible this advancement was the advent of the valved cracking 
cell, first introduced for use with arsenic,3 and then later 
extended to phosphorus.“-6 Although this technology is rap- 
idly developing as a research tool, and effort must be di- 
rected toward its application as replacement for the ex- 
tremely toxic hydride sources presently used by industry. 
Widespread deployment of valved cracker technology, as a 
substitute for the more toxic gaseous sources, will only be 
realized if it is perceived as a viable manufacturing technol- 
ogy. As an acceptable longer term solution, a high degree of 
control of the column V composition must be possible. Re- 
producible stoichiometric control of GaInAsP is believed dif- 
ficult to achieve because of the compositional dependence of 
the phosphorus and arsenic mole fractions with substrate 
temperature. The focus of this work was to study the possi- 
bility of reproducibly growing epitaxial GaInAsP lattice 
matched to InP through precise control of the P, and As, 
beam fluxes. The goal was to demonstrate the viability of 
valved cracker technology for the manufacture of III-V based 
photonic devices 
Quaternary growth was performed with a Riber 2300 
MBE system. The highly efficient use of red phosphorus for 
the growth of InP was previously demonstrated using this 
system.7 The column III sources, indium and gallium, were 
6N purity from Nippon Mining Company and 8N purity 
from Rhone-Poulenc, respectively. The arsenic source used 
was 7N purity from Furukawa Company and the red phos- 
phorus source was 7N from Rasa Industries. Valved cracking 
cells were used to supply the column V beam fluxes; con- 
ventional effusion cells supplied the column III beam fluxes. 
A Pa flux was generated with the Riber WC40 valved cell 
and the As, flux was supplied from an EPI RBSOOVP valved 
cell. The cells differ substantially in both their construction 
and in their operation. Arsenic has a well behaved vapor 
pressure that is easily governed in real time by the oven 
temperature alone. Alternatively, phosphorus has many allo- 
tropes, making the beam flux much more difficult to control 
with oven temperature. A different valved cell design is re- 
quired for phosphorus. The differences in the design and per- 
formance of the two valved cells will be given in signifi- 
cantly more detail elsewhere. 
The arsenic oven temperature was fixed at 380 “C during 
growth and the phosphorus oven was operated at room tem- 
perature. A P, vapor pressure, more than sufficient for 
growth, was maintained within the cell reservoir by heating 
the oven prior to growth to 380 “C for 12 h with the valve 
closed. A sublimation process proceeds which results in a 
partial transformation of the red phosphorus source into the 
white allotrope. The P4 vapor pressure over white phos- 
phorus at 300 K is more than eight orders of magnitude 
greater than that over red. During epitaxial growth, the 
cracking zone temperatures were kept at 920 “C for both 
arsenic and phosphorus cells. This temperature was chosen 
because it assures that the beam fluxes consist primarily of 
Pa and As, molecules without placing an undue heat load on 
the system. 
Prior to growth, substrates were prepared using previ- 
ously established procedures.’ Starting substrates were Fe 
doped (100) orientation InP. Prior to the quaternary layer, a 1 
,um InP layer was grown at a temperature of 480 “C. For 
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FIG. 1. Single-crystal [400] x-ray-diffraction spectra of two different 1 pm 
thick Gae,aIq,s&sO,s,$O,, epitaxial layers which were grown on consecu- 
tive days with identical growth conditions. The separation between corre- 
sponding substrate and epilayer diffraction peaks are (a) NFC1745, 1590 arc 
set, and (b) NR1746,1555 arc sec. The difference in separation between the 
two is 35 arc sec. The resolution of the x-ray apparatus is -100 arc set, 
which corresponds to variation of less than 1% in the As/P mole fractions. 
the lattice matched epilayers, the InP growth rate was 1 pm/h 
and the GaP was 0.42 pmJh. Beam equivalent pressures were 
3.0X10d6 Torr for Ps, and 2.3X10n6 Torr for AsZ. The 
growth temperature of the alloy layer was also 480 “C. Both 
the InP buffer and quaternary layers were undoped with each 
layer being 1 p thick. A lattice matched composition of 
Gao.301no.70As,6sP,.~~, having a growth rate of 1.48 /..&h, 
was produced with these parameters. In between consecutive 
growths all source cells were returned to their idle tempera- 
tures (25 “C) and the cell flange and cryoshroud were al- 
lowed to warm to ambient temperature. This is standard pro- 
cedure for operating MBE with an open loop liquid nitrogen 
0-w supply. 
Mismatched Gae.&,-,ssAsOs,,Po~ layers were first 
grown to demonstrate control of the Pz and Asa beam fluxes 
with the valved cells. The growth temperature was also 
480 “C. Similarities between respective single-crystal [400] 
x-ray spectra for mismatched layers are more easily resolved 
from the substrate if there is a large difference in lattice 
spacing. The subsequently grown (NR1745 and NR1746) 
quaternary layer compositions were determined by using 
x-ray diffraction and photoluminescence. intensity measure- 
ments. Single-crystal x-ray diffraction was used for deter- 
mining reproducibility of the alloy composition, while 
double-crystal x-ray diffraction was used for assessing crys- 
tal quality. 
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The x-ray spectra shown in Fig. 1 are for the two mis- 
matched epitaxial layers that were grown under identical 
conditions on two consecutive days. As previously stated, in 
between growths all the source cells were returned to their 
idle temperatures (25 “C) and the cell flange and cryoshroud 
were allowed to warm to ambient temperature. Spectra were 
recorded with a Siemens 810 single-crystal diffractometer 
using a tube current of 15 mA and an energy of 20 kV. The 
differences in separation of the corresponding K,r and Ka2 
substrate and epilayer peaks for the two samples is 35 
arc set, which is less than the 100 arc set resolution of the 
x-ray system. This equates to a less than 1% variation in the 
AsiP mole fractions. The two samples can be considered 
identical in composition and have the same featureless sur- 
face morphology. A double-crystal x-ray [400] diffraction 
spectra of sample NR1745 (tube current of 20 mA and en- 
ergy of 30 kV) is shown in Fig. 2. The x-ray generator is a 
Phillips 1729. The x-ray-diffraction full width at half maxi- 
mum (FWHM) for the Ga&&,,5&so.s0Po.20 layer is 55 arc 
sec. Sample NR1746 has a diffraction FWHM of 48 arc sec. 
Figure 3 provides further evidence that the two samples 
have very similar compositions, crystal quality, and optica 
properties. Figure 3 shows the 300 K photoluminescence 
spectra of the two samples displayed in Fig. 1. The excitation 
source is a 514.5 run Arf laser operating cw, the detector is 
LN, cooled Ge photodiode type which is mounted to a SPEX 
0.5 m monochrometer utilizing a 600 groove/mm grating 
blazed at 1 pm. The peak emission energies and shape of the 
spectra are nearly identical. Sample NR1746 has a slightly 
wider, 2.5 meV, FWHM. The fine structure observable in the 
spectra about 0.9 eV is attributable to water vapor absorption 
and not crystal quality. The overall width of the spectra for 
the samples is indicative of the large mismatch that exists 
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FIG. 2 Double-crystal [400] x-ray-diffraction spectrum of sample 
NR1745. The x-ray-diffraction FWHM of the lattice mismatched 
~0.45~0.55~0.8opO.21 layer is 55 xc sec. 
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FIG. 3. The photoluminescence spectra for the two samples displayed in 
Fig. 1. The spectra are nearly identical. The entrance and exit slit widths are 
0.5 m m  and the excitation power density is -2 W /cm’. 
The results of five sequential growths (NR1748- 
NR1752), which were performed on five consecutive days 
using identical process parameters (except NR1752, which 
was grown with a higher temperature of 500 “C), are shown 
in Table I along with the data for the samples of Fig. 1. These 
five growths, within the resolution limit of the single-crystal 
x-ray apparatus, have essentially the same lattice spacing. 
Analysis by double-crystal x-ray diffraction indicates the 
x-ray FWHM for the samples range between 35 and 40 
arc sec. The slightly smaller lattice constant of sample 
NR1752 is possibly due to a relative change in the As2 and 
Pa sticking coefficient at the elevated growth temperature. 
The smaller lattice constant corresponds to a l%-2% reduc- 
TABLE I. The 300 K characteristics of the various GaInAsP samples that 
were the result of seven consecutive growths; the Iirst two mismatched 
K~.&o.ss~o.s~Po.zo~ and last five lattice matched (Ga,,,,I~.,~o.GsP,sz) 
were prepared with the same growth parameters. The peak luminescence 










Lattice Emission Emission 
constant energy wavelength 
LA) W I b.4 
5.836 0.898 1.381 
5.837 0.898 1.381 
5.870 0.868 1.429 
5.868 0.871 1.424 
5.871 0.863 1.437 
5.870 0.865 1.434 









tion in the arsenic composit ion of the alloy. The broader 300 
K photoluminescence FWHM of NR1752 is attributed to a 
small amount of compositional grading of the column V 
mole fractions. This was probably the result of changing the 
substrate temperature from 480 to 500 “C after initiating 
layer growth. The range of lattice mismatch for the samples, 
-6.5X10-4<Aa/a<3.8X10-“, is less than that which oc- 
curs between ruAs and GaAs (Aala-1X 10m3). Further, the 
300 K photoluminescence data shows essentially the same 
spectral shape, peak emission energy, and intensity for all 
five samples. The deviation in the peak emission energy for 
the five samples is <8 meV (AX<130 A). The minimum 
recorded FWHM of 40.6 meV is comparable to that achieved 
for GaInAsP quaternary layers grown by other methods. InP 
layers grown previously in this system have displayed a 300 
K photoluminescence FWHM as narrow as 35 meV. The 
peak emission intensity, which is not optimized, for the 
(Gao.301~.7~s0.68Po,3~ layers is about half that of our high 
quality gas source MBE grown Ga0~4+n0~,&s/InP layers. 
Lattice matched growth of the GaInAsP alloy on (100) 
InP has been achieved with MBE using solid phosphorus and 
arsenic supplied by separate valved cracking cells. The phos- 
phorus and arsenic composit ions were found to be reproduc- 
ible and were demonstrated to be as controllable as the in- 
diurn and gallium constituents. The surface morphology, 
crystal quality, and optical properties of the quaternary layers 
were also found to be similarly reproducible. The 300 K 
optical properties for the lattice matched layers are compa- 
rable to that recorded for the alloy grown by other tech- 
niques. The application of all solid source MBE toward the 
manufacture of photonic materials has been shown to be a 
viable alternative process to the existing growth technolo- 
gies. 
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